analyzed by Salit's (1932) met-hod and potassium by a modification of the method of Shohl and Bennett (1928) . In the latter procedure the potassium precipitation was rendered more complete by exposure to 100°C. (suggestion of Dr. A. H. Hegnaucr) and the precipitate was separated by centrifuge (suggestion of Dr. J. I. Thaler).
Larger samples of about 1 gram were necessary for chloride anetlyses by the method of Van Slyke (1923) . Wet weights were obtained quickly on a torsion balance.
Frog muscle. Three series of experiments were performed with slightly varying techniques.
Series 1, confrol: A frog was decerebrated by crushing the brain with a strong hemostat; one leg was tied off at the knee or thigh with a strong ligature; muscle samples were weighed out for analysis for water and potassiuh c0ntent.s; the other leg was similarly tied off and sampled in the same way. Series $, indirect: After decerebration sciatic nerves were exposed on both sides, either in the thigh or the abdomen (through the back). Both sciatics were cut and one of them was stimu- lated indirectly at just threshold strength, either by rhythmical short tetani from an induction coil or by condenser charges at rates varying from 10 to 400 per minute. Stimulation was continued from 10 to 30 minutes and fatigue became pronounced in most cases. Kymograph records were usually taken of the cont.raction of the gastrocnemius muscle using an isometric lever. Immediately after stimulation the animal was bled to death and comparable samples from stimulated and unstimulated sides were taken for analyses. Series S, direct: After decerebration, one leg was tied off at once and sampled while the other was stimulated dire&y by intermittent tetanus with electrodes on the knee and ankle. The muscle was kept completely fatigued for 10 minutes after which this leg also ~8s tied off and comparable samples were taken for analysis.
The results of these three series of experiments are summarized in table 1. The average algebraic difference in the control series between right and left muscles was only 0.05 out of a tot,al 46.6 millimols pot.assium, but the average difference (plus or minus) in potassium cont.ent between any two matched muscles was 2 per cent. Series 2 showed slightly less potassium after stimulation but this change was statistically insignificant. In series 3 every stimulated muscle showed a loss of potassium averaging 2.6 millimols out of 46.2, this difference being ten times the probable error. This greater loss in series 3 is presumably due to the more excessive direct stimulation.
Series 3 also differed from series 2 in that the control muscle was sampled before stimulation instead of afterwards, but this difference was probably not influential.
It is evidently difficult, therefore, to show a loss of potassium in frog muscles after stimulation in situ unless the stimulat-ion is applied directly to the muscle. The stimulated muscles always contained more water than the controls confirming in this respect the observations of Back, Cogan and Towers (1915) .
Rat muscles. In a preliminary series of eight experiments (sties A), rats were urethanized by 1.5 grams (in later experiments, 1,2 grams) per kilo body weight intraperitoneally.
One sciatic wa8 exposed and the severed end of the nerve was pulled inside a glass tube within which it made contact with the electrodes; it was stimulated for 5 to 30-minute periods by brief tetani, usually delivered once a second from a Harvard induction coil. Immediately after stimulation the animal WM bled to death and symmetrical muscles were sampled for potassium, chloride and water. Unfortunately different muscles were usually used for these three substances so that the figures are not entirely comparable*
The results are briefly summarized in table 2. Potassium was lost in significant amounts and chloride and water were gained, all the concentrations being compared on the ba& of dry weights. The gain in water content averaged 48 cc. per 100 grams of dried muscle (water content of the fresh muscle increased from 75.6 per cent to 78,2 per cent). The gain in chloride was 2.37 millimols per 100 grams. In the plaElma this amount of chloride is associated with only 28 cc. of water so that if the chloride in the muscle is extracellular and has the same concentration as in plasma, 48 minus 28, or 20 cc. of water must have gone into the cells.
A similar conclusion is reached from the data of figure 1 obtained from a later series of experiments (series B) like the last except that the muscles were stimulated for 30 minutes by unidirectional condenser charges at frequencies varying from 23 to 1480 per minute.
The upper graph shows the increase in the water content of the muscles per 100 grams dry weight. In some of these muscles chloride contents were also determined.
From the increased chloride content the extracellular water is calculated assuming 8.93 cc. water per millimol of chloride, this being the proportion found in the plasma.
On the average (13 cases) only 42 per cent of the water gained by stimulation is extracellular.
The water gained in these experiments increases rapidly to a maximum at a low frequency and then remains constant or possibly decreases slightly at higher frequencies.
The graph is drawn to suggest a slight decreetse largely because the data of figure 2 show this effect and because the potassium losses in the same muscles were slightly less at higher frequencies than at medium frequencies. These potassium analyses in series B were made on 55 pairs of muscles from 22 rats. All but 4 pairs showed a loss of potassium on stimulation per 100 grams of dry weight. The individual variations were large; the average loss at each frequency is shown by crosses in figure 2 . The average composition of the muscles of this series is shown in table 3, together with a few determinations on rat plasma. The average potassium content of the muscles was 47.3 millimols per 100 grams dry weight.
The monthly averages (about 20 analyses each) beginning May 6 and ending November 6, were 45.7, 46.5, 48.3, 51,2 (August), 44.7, and 46.6, the probable error of each average being hO.5. These figures may indicate, therefore, a seasonal increaSe in potassium content during the warm weather followed by a fall to 44,7 beginning September 19.
As a study of the effect of frequency of stimulation on electrolyte changes the experiments of series B were unsatisfactory because of a variety of minor changes in technique which were introduced from time to time.
Consequently a final series of six experiments (sties C) wa8 performed with attention to uniformity, particular care being taken t#o keep the stimulus barely maximal to avoid injury to the nerve and consequent nerve fatigue. The threshold stimulus was about 0.025 microfarad and 0.8 volt.
It was found that the gastrocnemius and semimembranosus muscles gave the most uniform result*s and these only are reported.
The tibialis and biceps femoris muscles which were also analyzed gave, in general, 800 Frecpency Fig. 2 . Lower CUTW. Loss of potassium in milli-equivalents per 100 grams dry weight due to stimulation, drawn to follow the dots. Dots: individual values from gastrocnemius and semimembranosus muscles. Crosses: average losses from gastrocnemius, tibialis, biceps femoris and semimembranosus muscles in an earlier less uniform series of experiments.
Upper curve.
Gain in water in cubic centimeters per 100 grams dry weight.
Average values from muscles plotted as dots in the lower curve, similar results but occasionally showed very little change in stimulation. The lafter muscle at least may have had its blood supply or nerve supply partly interfered with by the operation.
The results of experiments of series C are shown in figure 2. The upper graph shows the average water gain in all the determinations while the lower graph shows the individual potassium losses found in analysis of 18 pairs of muscles. Crosses on the lower graph are average results from muscles of series B, already described. slightly decreased electrolyte exchange at high contimed. Calculating the results per 100 grams of dry weight as usual, the averages showed a gain of 8.3 millimols of sodium and a loss of 6.1 millimols of potassium.
The average chloride gain from a similar stimulation was 2.8 millimols (11 pairs of muscles). If all this chloride were extracellular an equivalent amount of sodium must also have been extracellular, leaving 8.3 minus 2.8, or 5,5 millimols of sodium entering the cells to balance a loss of 6.1 millimols of potassium.
So far as these results go, therefore, there is no need to assume (with Ernst and his collaborators, lot. cit.) that the loss of potassium on stimulation represents a new formation of potassium ions from bound potassium.
The same is true in t-he data of Ernst and C&s (1929) (see their table 1). In the seven frog muscles analyzed by these authors there was a gain of 0.387 0.153 millimol which partly balanced a loss of potassium of 0.272 millimol. The remainder of the potassium lost could be balanced by the loss of 0.127 millimol of phosphorus from the same muscles.
The time course of the electrolyte changes described for rat muscles has not been well worked out as yet. A series of experiments was tried with more or less uniform stimulation for 5, 10, 20, 30, and 60 minutes. All showed typical changes which were probably slightly lower on the average in the muscles stimulated for the shorter periods but the variations were too large to make this certain. After the first 5 minutes the change is probably slow.
In two experiments the rats were stimulated continuously for 3 hours before bleeding to death and sampling.
In only one of these was the potassium loss appreciably larger than after 30 minutes.
We were surprised to find, however, that the stimulated muscle of each pair was less hydrated than the control, as shown by data for rats I and 2 in table 4. Evidently during this prolonged stimulation the animal became dehydrated and found it easier to get water from the stimulated muscle than from the resting muscles-probably because electrolytes could more easily escape with the water. Following this finding two more 3-hour experiments were tried in which water was supplied intraperitoneally at intervals (5 cc, in all) (rats 3 and 4, table 4). With this modification all t#he stimulated muscles were found more hydrated than their controls. This is also the invariable result after shorter periods of stimulation, as already mentioned, A few analyses for sodium showed that potassium largely escaped by exchange with sodium.
The chloride changes were All figures are differences between the resting and the stimulated mu&e. In no. 2, the biceps femoris lost 1.6 m.mols of chloride. * Average of 2 analyses. all comparatively small, there being as usual a small gain where water was supplied and in one analysis a slight loss (1.6 millimols) when water was withheld.
Electrolyte changes in recovery. A number of experiments were tried in which one leg was stimulated as usual and then the rat was allowed to recover for 1 to 2 hours before the muscles were sampled.
The stimulated muscle still showed the usual electrolyte changes, a loss of potassium and a gain in sodium and chloride, though the differences seemed smaller. A better meaSure of recovery w%ts found in experiments where both muscles were stimulated equally for 30 minutes.
One leg was then tied off at once and the muscles sampled, The other leg was left in situ in the rat fur a recovery period, usually lasting 2 hours, before it also was tied off and sampled. This technique left the muscles more bloody than when the animal was bled to death. Most of the blood was removed, however, by blotting the samples rather vigorously on filter paper before weighing.
The chief difficulty in this technique lies in obtaining uniform stimulation of both legs. The method finally adopted was to expose both sciaCcs as usual and stimulate them alternately for 30 to 40 seconds with an inkrupted current from the secondary of a Harvard induction coil, the stimulating electrodes being applied by hand. The right nerve was kept moist in the t-issues while the left was being stimulated and vice versa. This stimulation was kept up for 30 minutes alternating each minute. Each figure represents the difference between a recovered and a control muscle, both having been stimulated.
A plus sign indicates a gain during recovery and a minus sign a lose. * Average of 2 samples.
The data on the gastrocnemius muscle are most complete and these are shown in table 5 for seven different rats.
The significance of the table is best seen from the average values given underneath, average values obtained in similar experiments during stimulation being included for the sake of comparison,
The two sets of figures are not strictly comparable because they were obtained on different series of rats but a semiquantitative comparison seems justified.
The figures indicate that all the changes observed during stimulation are one-half or three-quarters reversed in recovery of 1 to 3 hours' duration.
The changes during recovery, like those during stimulation, indicate that the sodium in excess of chloride is just about sufficient to balance the potassium changes. The essential changes during stimulation arc therefore: 1, an exchange of potassium and sodium, and 2, a gain of sodium chloride and water, both of which are reversed in recovery, The average chloride loss in table 5 is based on only two divergent results but is supported indirectly by other analyses. The average chloride loss in four other analyses on muscles other than the gastrocnemius was 2.2 millimols.
In addition to the data of table 5, we have analyzed semimembranosus, tibialis and biceps fcmoris muscles from five rats. The average potassium changes in recovery in these three muscles were, a gain of 2.2 millimols in the semimembranosus, no change in the tibialis, and a negligible further loss of 0.9 millimol in the biceps femoris. Every gastrocnemius muscle and all but one of the semimembranosus muscles showed, therefore, a gain of potassium in recovery. Failure to recover in the other muscles may be due to the fact that the loss of potassium due to stimulation was less complete in these muscles immediately after the end of stimulation. These same muscles occasionally showed very small potassium losses during stimulation.
It may also indicate less actual recovery, perhaps because of less adequate circulation in the more superficial muscles. A negative result of this sort does not detract, however, from the significance of the uniformly positive result found in the gastrocnemius where potassium is repeatily observed migrakg from blood to muscle against a sleep concentration gradient in exchange for sodium.
DISCUSSION. The changes which we have observed during stimulation are striking and consistent-a gain of sodium chloride and water and a loss of potassium in exchange for sodium-all of which are largely reversed in recovery. The intracellular water gain is due to an increase in osmotically active products inside the muscle (Hill and Kupalov, 1930; Rleyerhof, 1930) . The extracellular water gain may be due to incrcascd filtration of plasma resulting from increased capillary pressure. The explanation of the exchange of potassium for sodium offers greater difficulty.
If the muscle is normally permeable to potassium, then potassium could be lost by an acid-base change which would cause a greater increase in alkalinity in the muscle than in the plasma. A breakdown of phosphocreatine would accomplish this, but in the rather fatiguing stimulation employed in these experiments it seems more likely that the lactic acid formation is sufficient to cause an increase in acidity in the muscle. Furthermore such a mechanism offers no explanation for the entrance of sodium in nearly equivalent amounts.
Moreover, if the normal muscle is regarded as impermeable to sodium (if not to potassium), then some increase in permeability seems required in the explanation. If now the permeability to sodium is increased during stimulation it is easy to understand that sodium enters and potassium leaves to some extent.
(It is not necessary to suppose that the increase in permeability is enough to permit entrance of chloride also.) But this increase in permeability is only transitory, for only about 15 per cent of the potassium comes out. Before recovery can even begin, therefore, t#he muscle must have regained its normal impermeability to sodium and this would make the observed loss of sodium in recovery impossible.
One way out of this dilemma is to suppose that only the surface of the fiber breaks down and exchanges it.s potassium for sodium, the lower layers being still impermeable to sodium, i.e., the effective membrane surface moves inwards. The fatigued fiber would then be in effect smaller in terms of dry weight than before. This is in agreement with t-he fact that the stimulated muscle, after 3 hours, is more dehydrated than the control. Recovery would then involve a process similar to that of hypertrophy where the muscle increases in size because the fibers increase in size rather than in number.
In this way the sodium never really gets inside the membrane where it would be trapped and could not get out. Even this mechanism involves some difficulty for it has to be supposed that the degenerated superficial layers of the muscle which lose their potassium do not also lose their anions in exchange for chloride.
Moreover, this growth of the fiber in recovery would require an intake of anions from t*hese superficial layers through a membrane supposed to be anion impermeable.
If the anion eras phosphate this might occur if the phosphate entered in organic combination of some sort, rather than as a charged ion, Further data are necessary before the complete electrolyte equilibrium in stimulation will be understood.
Present indications are that the loss in total phosphorus is small.1 The formation of lactate in the muscle and the dissociation changes of the buffer salts represent a more important item.
It is still possible that sodium may enter one part of the muscle as sodium hydroxide too neut*ralize lactic acid while potassium may leave another part of the muscle with lactate or phosphate or in exchange for hydrogen.
The results could be well explained by any mechanism which would draw potassium in one direction and sodium in the opposite direction. According to Keller (1935) this can be done by a difference of potential between t.he inside of the cell which is positive and t-he outside of the cell, which is negative, potassium going to the anode and sodium to the cathode. The source of t.his potential is, however, obscure and all the available evidence indicates that the inside of the cell is actually negative to the outside rather than positive.
Similar electrolyte changes occur in muscles as a result of injury. The fact that these stimulated rat muscles recover shows, however, that these are normal functional changes rather than irreversible injuries. Since they were stimulated indirectly there can be no direct injury to t-he muscles from the passage of the current.
It should be emphasized also that the rat muscles, at least, showed t+hese changes without-being ih any sense exhausted. The graphical records showed a prompt decrease in t*hc height of contraction (tension) in the first minute but this soon reached a steady state at one-third or one-quarter the original tension where it remained with relatively little further decrease, The higher t.he frequency of stimulation the smaller the maximum tension reached at this fatigue level (cf. Davis and Davis, 1932) . *Much of the fatigue observed may be attributed to the nerve (cf. Heron, Hales and Ingle, 1934) .
These results add further support t.o t#he theory that the muscle membrane is normally potassium into the permeable to potassium.
Otherwise the entrance of fiber in recovery against the concen tration gradient would be impossible to understand.
Other evidence to t.he same effect has been presented from this laboratory both for frog muscles (Fenn and Cobb, 1934, 1935) and for cat muscles (Thaler, 1936) .
The data presented suggest that electrolyte changes may be less at a stimulation frequency of 1480 than at 400. We feel, however, that more extensive data are needed to make this quite certain.
If true it probably indicates that the nerve when stimulated at high frequency makes less effect.ive demands upon the muscle than at more moderate frequencies. It is to be expect.ed furthermore that the response of the muscle will reach a maximum at some frequency above which no further increase in intensity of response can be obtained.
At a frequency of approximately 1000 per minute the responses of the gastrocnemius fuse to give a complete tetanus.
SUMMARY
In rat muscles stimulation through the nerve causes an exchange of about 15 per cent of the potassium in the muscle for sodium, a gain of intracellular water, and a gain in extracellular wat.er accompanied by sodium chloride.
These changes are all largely reversible during 1 to 3 hours of recovery.
After 3 hours of continuous stimulat.ion the fatigued muscle contains less water than the control unless water is supplied to the rat intraperitoneally during this period.
In frog muscles a loss of potassium was observed with certainty only when the muscle was stimulated directly.
